Hip fracture patients often have comorbid conditions. We investigated whether the combination of comorbidity and hip fracture could explain the previously observed excess mortality among hip fracture patients as compared with the general population. Using a population-based matched study design with 38,126 Norwegian women who suffered a hip fracture during the period 2009-2015 and the same number of women in a matched comparison cohort, we matched participants on prefracture comorbidity, age, and education. We estimated relative survival and additive and multiplicative comorbidity-hip fracture interactions. An additive comorbidity-hip fracture interaction of 4 or 9 additional deaths per 100 patients, depending on Charlson Comorbidity Index (CCI) score, was observed 1 year after hip fracture. Among women with a CCI score of ≥3, 15 additional deaths per 100 patients were observed; of these, 9 deaths could be attributed to the interaction and 6 to the hip fracture per se. On the relative scale, we observed increasing heterogeneity in survival by comorbidity over time; survival was reduced by 39% after 6 years among patients with a CCI score of ≥3, while among women with no comorbidity, survival was reduced by 17% (hip fracture vs. no hip fracture). In summary, prefracture comorbidity was associated with short-term absolute excess mortality and long-term relative excess mortality.
Initially submitted December 4, 2017; accepted for publication November 2, 2018.
Hip fracture patients often have comorbid conditions. We investigated whether the combination of comorbidity and hip fracture could explain the previously observed excess mortality among hip fracture patients as compared with the general population. Using a population-based matched study design with 38, 126 Norwegian women who suffered a hip fracture during the period 2009-2015 and the same number of women in a matched comparison cohort, we matched participants on prefracture comorbidity, age, and education. We estimated relative survival and additive and multiplicative comorbidity-hip fracture interactions. An additive comorbidity-hip fracture interaction of 4 or 9 additional deaths per 100 patients, depending on Charlson Comorbidity Index (CCI) score, was observed 1 year after hip fracture. Among women with a CCI score of ≥3, 15 additional deaths per 100 patients were observed; of these, 9 deaths could be attributed to the interaction and 6 to the hip fracture per se. On the relative scale, we observed increasing heterogeneity in survival by comorbidity over time; survival was reduced by 39% after 6 years among patients with a CCI score of ≥3, while among women with no comorbidity, survival was reduced by 17% (hip fracture vs. no hip fracture). In summary, prefracture comorbidity was associated with short-term absolute excess mortality and long-term relative excess mortality. cohort studies; comorbidity; hip fracture; interaction; mortality; relative survival Abbreviations: CCI, Charlson Comorbidity Index; IC, interaction contrast; ICD-10, International Classification of Diseases, Tenth Revision; IQR, interquartile range; NPR, Norwegian Patient Registry.
Hip fracture is a serious and costly complication of osteoporosis (1, 2) . One-year mortality after hip fracture is more than doubled, with the absolute excess mortality ranging from 8 per 100 persons to 36 per 100 persons (3) (4) (5) . The increased mortality persists years after the fracture and is higher in men than in women. Risk factors for osteoporosis include female sex, older age, vitamin D deficiency, smoking, use of glucocorticoids, high alcohol intake, lack of exercise, and low body mass index (6) . Osteoporosis and hip fracture share risk factors with several chronic diseases, including diabetes mellitus, chronic pulmonary disease, dementia, and cancer, which is why the prevalence of comorbidity among patients with hip fracture is higher than that in the general population (7) . Conditions mainly responsible for mortality after hip fracture are the same as those responsible for mortality in the general population, rather than the specific diseases related to osteoporosis (8) .
Approximately 45%-60% of men and women who sustain a hip fracture have 1 or more comorbid conditions (1, (9) (10) (11) . Comorbidity modifies the clinical course of a disease, as seen in patients with hip replacement surgery (12) (13) (14) or cancer (15) . In previous controlled studies, an association between prefracture conditions and post-hip fracture mortality has been reported (1, (16) (17) (18) . However, whether comorbidity interacts with hip fracture to produce excess mortality is not well established (11, 19, 20) . Therefore, we examined mortality after hip fracture in a nationwide matched population-based cohort study of Norwegian women, comparing survival among women with and without hip fractures according to prefracture comorbidity using a matched cohort design.
METHODS

Setting and data sources
The source population, identified in the Norwegian National Registry, consisted of all 935,897 women in Norway aged 55 years or older during 2008-2015. The unique personal identification number assigned to each Norwegian resident facilitated linkage between the National Registry, the Norwegian Patient Registry (NPR), and the Norwegian Cause of Death Registry. The NPR is a national health registry with mandatory reporting, covering government-funded hospitals and specialty clinics, including data from all inpatient and outpatient hospital encounters starting in 2008 (21) . In the NPR, we identified incident hip fractures using codes from the International Classification of Diseases, Tenth Revision (ICD-10) (14) (see Web Table 1 , available at https://academic.oup.com/aje). The positive predictive value of the hip fracture diagnosis in the NPR ranges up to 99% and is highest when used together with a surgery code from the NOMESCO [Nordic Medico-Statistical Committee] Classification of Surgical Procedures (22) . In this study, to capture patients who died before surgery, we defined hip fracture using ICD-10 codes alone (23) . However, patients with hip fracture diagnosed at an outpatient visit not followed by a hospitalization were excluded if they lacked a surgical procedure code (to avoid including possible readmissions-that is, false-positive hip fractures) (Figure 1 ).
Data on education were obtained from the Norwegian Education Database (24) . Data on vital status were obtained from the Norwegian Cause of Death Registry, which is 98% complete (25) .
Study population
We identified 47,619 women with hip fracture during 2008-2015. After exclusion of women who sustained a hip fracture in 2008 (to ensure at least a 1-year fracture-free period for every woman), women with a surgical procedure code for removal of an implant, and women with an ICD-10 code for trauma (23) , the study population included 40,181 women with incident hip fracture during 2009-2015. Among these women, 38,067 (95%) had both a diagnosis code and a procedure code, while the remaining 2,114 women (5%) had only a diagnostic code for hip fracture. The date of the incident hip fracture diagnosis was the index date.
Matching
We used a matched cohort design, with a hip fracture cohort and a comparison cohort, as previously described (26) (27) (28) . Briefly, for each woman with hip fracture, we sampled (with replacement) 1 matched comparison woman from among those who were alive on the index date and without a previous hip fracture. The matching characteristics included age (in full years) at the index date (±3 years), highest achieved level of education (basic (compulsory), secondary (high school/vocational), or tertiary (college or university)) (29) , and each of the 16 comorbid conditions (presence/absence) listed in the Romano modification of the Charlson Comorbidity Index (CCI) (30, 31) . All characteristics were assessed from January 1, 2008, to (and including) the index date. Thus, comorbid conditions recorded both on the index date and before the index date were included in the matching criteria.
Follow-up of each matched pair started on the index date and continued until death, emigration, or the end of the study period (December 31, 2015), whichever occurred first. Time from the incident hip fracture to death/censoring was used as the dependent variable. Women with a hip fracture who could not be matched were excluded from the analysis. A woman without a hip fracture could be used as a matched comparison to more than 1 woman with fracture.
Romano CCI
We used the updated Romano modification of the CCI (31), which is a weighted average of 16 conditions representing risk factors relevant to our patient population, with inclusion and updated weights for several of the original 19 CCI diseases, such as dementia, diabetes with complications, and renal disease (32, 33) . After matching on the individual diseases in the CCI, we calculated CCI scores for each woman with a hip fracture and her matched cohort member. The validity of administrative diagnoses included as comorbid conditions in this study varies from 82% to 100% (34) . ICD-10 codes used in the Romano modification of the CCI are listed in Web Table 2 .
Statistical analyses
We computed mortality risk, risk differences, additive interactions, and relative survival, contrasting different combinations of the CCI score categories (0, 1-2, or ≥3) and hip fracture (yes/ no). Because of the nature of the data set, with its unequal follow-up times and variation in mortality as a function of time since hip fracture, we used survival analysis. We used Aalen's additive hazard regression model (35) , which estimates the cumulative mortality rates (hazards) B(t) separately for each combination of CCI score categories and hip fracture strata. Within each group, this is equivalent to estimating the cumulative hazards using the Nelson-Aalen estimator. One important advantage of the additive hazards model is that the contrast "hip fracture (yes/no)" for a fixed CCI score category will estimate the excess mortality due to hip fracture for that category, and because of the matched design, the matching factors will balance out in the contrast (excess risk hazards model). Mortality risk (R) and risk differences at time t were calculated as
, using the formula ( ) = (− ( )) S t Bt exp for survival. Relative survival (which is expressed as a ratio) was calculated within each CCI score group j as
where the first index refers to the presence (1) or absence (0) of hip fracture. Multiplicative interaction was calculated as
. The B(t)'s were estimated using the R package "timereg" (R Foundation for Statistical Computing, Vienna, Austria), which allows for censoring and in particular makes it possible to deal with clustered data (the latter allowing sampling of matched cohort members with replacement). Note also that the matching factors will balance out in the contrasts − R R j j 1 0 (under additive excess risk). Mortality risk was calculated cumulatively from the index date to different follow-up dates. This approach avoids stratification of followup time, which would have created the need for further covariate adjustment.
As a measure of additive interaction between hip fracture and comorbidity with respect to mortality, we calculated the interaction contrast (IC) (26, 36, 37) for each CCI score category, using the group without comorbidity as the referent. For CCI score j, the IC was calculated as
Thus, IC 1-2 measures how much more risky hip fracture is in CCI score group 1-2 than in the group without comorbidity ( − ) R R 10 00 . The latter will be referred to as the risk of death due to hip fracture per se. Thus, the interpretation of an IC 1-2 of, for example, 0.02 is that an additional 2 of every 100 patients die because of hip fracture in CCI group 1-2, beyond what would be expected due to hip fracture per se. We further calculated IC and relative survival by type of fracture, stratifying the hip fractures into intracapsular, intertrochanteric, and subtrochanteric fractures (ICD-10 codes listed in Web Table 1 ). We calculated a disease-specific IC, using the population without hip fracture and without a given individual disease as the reference group. For example, for myocardial infarction (MI), using the same terminology as for the CCI score, this could be written as
R 0 MI . Pointwise confidence intervals for R, risk differences, and additive interactions were obtained using the delta method (38) .
RESULTS
The hip fracture and comparison cohorts consisted of 38,126 successfully matched pairs; therefore, the cohorts had the same distributions of age, comorbidity, and education at baseline (Table 1) . A total of 2,055 (5%) women with hip fracture who could not be matched were excluded from the analysis. The unmatched women were slightly older, with a median age of 85 years (interquartile range (IQR), 78-90) as compared with 84 years (IQR, 77-89) among the matched women, and had a 96% prevalence of a CCI score of ≥3 as compared with 36% of those matched.
Median age at the index date and IQRs were similar by CCI score group in the 2 cohorts; median ages were 83 years (IQR, 75-89), 84 years (IQR, 77-89), and 85 years (IQR, 80-90) for groups with CCI scores of 0, 1-2, and ≥3, respectively. Median survival was 4.1 years and 5.8 years for the cohorts with and without hip fracture, respectively. Table 1 shows baseline demographic and clinical characteristics of the hip fracture cohort and the comparison cohort. Dementia was the most prevalent disease (18%), followed by chronic pulmonary disease, myocardial infarction, and cerebrovascular disease (each about 13%). Among the less prevalent diseases were moderate or severe liver disease (0.1%), hemiplegia (0.3%), and mild liver disease (0.3%).
The mortality risk increased with increasing CCI score for both women with hip fracture and women without hip fracture (Table 2) . Within each CCI score category, using the cohort without hip fracture as the reference group, the risk difference increased with longer follow-up time for CCI scores of 0 and 1-2, while for CCI scores of ≥3, the risk difference increased up to 365 days following the index date and then decreased. There was a positive additive interaction for CCI score categories of 1-2 and ≥3, first increasing and then decreasing over time. After a maximum of 6 years of follow-up, no additive interaction was observed. Relative survival decreased for increasing CCI score and for increasing follow-up time (Table 2 ). After 6 years of follow-up, relative survival was 0.83, 0.74, and 0.61 for CCI scores of 0, 1-2 and ≥3, respectively, with multiplicative interactions of 0.89 (CCI score 1-2) and 0.73 (CCI score ≥3).
The following diseases showed a positive additive interaction with hip fracture during the first year of follow-up (in declining order of importance): metastatic solid tumor (IC = 0.21); congestive heart failure (IC = 0.08); moderate/severe renal disease (IC = 0.07); dementia (IC = 0.06); any tumor, leukemia, or lymphoma (IC = 0.06); myocardial infarction (IC = 0.05); chronic pulmonary disease (IC = 0.04); and cerebrovascular disease and peripheral vascular disease (IC = 0.03). There was a negative additive interaction for connective tissue disease (IC = −0.03) (Figure 2 ). After 6 years of follow-up, there b All risk measures are dimensionless and have no units. c Romano modification of the CCI. d Calculated within each CCI score category, using the cohort without hip fracture as the reference group. e Additive comorbidity-hip fracture interaction, calculated using the cohort with CCI score equal to zero as the reference group.
was little evidence of any interaction except for dementia (IC = −0.06) and metastatic solid tumor (IC = 0.12) (Figure 3 ). Stratifying the analysis by type of hip fracture mainly resulted in slightly higher ICs at 1 year of follow-up for intracapsular and subtrochanteric fractures as compared with intertrochanteric fractures (Web Tables 3-5) .
DISCUSSION Main findings
In this large population-based cohort study of postmenopausal women, the absolute excess risk in mortality among women who sustained a hip fracture and had comorbidity was higher than could be explained by the hip fracture per se. The absolute excess risk was observed during the first year of follow-up; thereafter, no excess risk due to the additive interaction was found. The estimated additive interaction increased with number of comorbid conditions (CCI score), ranging between 3 and 9 additional deaths per 100 patients during the first year after a hip fracture. Nevertheless, the mortality risk of hip fracture per se remained increased after 6 years of follow-up. Despite little evidence of any additive interaction between hip fracture and comorbidity after 6 years, we observed an interaction on the multiplicative scale, in the form of decreasing relative survival (hip fracture vs. no hip fracture) as a function of time.
Comparison with other studies
Several clinical studies have found an association between prefracture comorbidity and hip fracture survival (1, (39) (40) (41) (42) . Prefracture conditions such as cardiac disease, dementia, renal disease, and chronic obstructive pulmonary disease have been identified as predictors of 30-day (41) and 1-year (1) mortality. Previous cohort studies of the association of hip fracture and comorbidity with mortality have matched hip fracture patients and general-population cohort members on age and sex but not on prefracture comorbidity or education (11, 18, 19, 42 ). An excess risk of myocardial infarction up to 1 year after a hip fracture and for stroke up to 10 years postfracture was found in a recent population-based Danish study (42) , where the attributable fraction of any of the outcomes within 30 days due to the interaction between hip fracture and comorbidity was estimated to be 76%. Several cohort studies have indicated an association between prefracture comorbidity and post-hip-fracture mortality (16, 18, 43) , but these studies have been small and the investigators have not presented any measures of interaction.
In contrast to our study, Vestergaard et al. (11) found little association between prefracture comorbidity and excess hip fracture mortality in a large population-based Danish study. The authors attributed 70% of deaths to complications that arose during the first 30 days postfracture (the hip fracture per se) and attributed long-term excess mortality to several factors, including income. At the same time, causes contributing to excess mortality included infections, psychiatric disease, pulmonary disease, dementia, and neurological diseases-conditions that may have been present before the hip fracture. A similar conclusion was drawn in a recent Australian study by Lystad et al. (44) , where 72% of the 1-year post-hip-fracture mortality was found to be attributed to the hip fracture per se. There could be several reasons for this higher proportion being explained by the hip fracture per se. In the Australian study, hip fracture patients were 3 times more likely to die within 12 months than people without fracture, as compared with a doubling of the risk in our study. Both Vestergaard et al. (11) and Lystad et al. (44) included men in their studies, and the matches (controls) had to be free of hip and femur fracture during the study period.
In our study, we did not impose this requirement; we required only that the matches be free of fracture from the index date onward and back to 2008. Further, we matched on comorbidity in the baseline period, including the index hospitalization and going back to 2008, while both Vestergaard et al. and Lystad et al. used a 12-month look-back period.
We found that for many of the comorbid conditions studied, the risk of 1-year mortality was increased beyond that due to the hip fracture per se. Exceptions were hemiplegia and connective tissue diseases, where the additive interaction was negative. Many patients with connective tissue disease are treated with glucocorticoids, which may lead to bone degradation. This often prompts simultaneous treatment with bone-protecting agents, usually bisphosphonates. Intravenous treatment with bisphosphonate may have a preventive effect against mortality, as well as against hip fracture (45) . One may speculate as to whether this accounts for some of the negative additive interaction between connective tissue disease and mortality after a hip fracture. The largest negative IC was estimated for patients with hemiplegia 1 year postfracture. In contrast, increased mortality in patients suffering from poststroke hemiplegia has been described previously and was explained by more overall comorbidity (46) .
Strengths and weaknesses
This was a nationwide population-based cohort study designed to examine the combined role of hip fracture and comorbidity in mortality among postmenopausal women. Because hip fracture invariably leads to hospitalization and because all hospitalizations in Norway are registered in the NPR, virtually all hip fractures that occurred in Norway during the study period were identified, also including the 5% identified by ICD-10 codes alone. Missing a code for surgery did not change study results substantially, suggesting that risk of selection bias in our study was minimal. Mortality data in the Norwegian Cause of Death Registry have a completeness of 98% (47).
Although we matched women with hip fracture to women without hip fracture by age, education, and comorbidity, the results may be partially explained by potential residual confounding by unmeasured characteristics inherent in a registry-based study, such as smoking, body mass index, use of drugs that may induce osteoporosis, or disease severity (48) .
Women with hip fracture for whom we did not find a match were excluded (5%). These women had more comorbidity and shorter survival than the hip fracture cohort, which may potentially have biased the ICs towards zero. The use of duplicates (repeated sampling) in the matched cohort could also potentially have biased our estimated standard deviations. We therefore conducted a bootstrap-type sensitivity study, which showed that the use of duplicate matches had little effect on the estimated standard deviations (less than 5% bias).
Comorbidity was measured for a minimum of 1 year and a maximum of 6 years before the index date and included acute first-time diagnoses made during the index hospitalization. This approach implicitly assumes that acute events may result from an ongoing underlying clinical condition. However, one might argue that the acute condition represents a complication or trauma arising from the hip fracture, rather than part of a preexisting condition, and therefore should not be included as a matching variable (49) . Further, use of the Romano modification of the CCI (31) required translation of codes from the International Classification of Diseases, Ninth Revision, to the ICD-10 (34, 50, 51) . This modified index may have omitted some acute diseases, such as infections, that could interact with hip fracture to cause excess mortality.
An additional concern is that relatively less severe diseases, such as diabetes, which do not typically lead to hospital encounters, are incompletely captured by the NPR (21) . As a consequence, counting the number of comorbid conditions at the index hospitalization has some potential for overmatching. To evaluate the potential bias, we doubled the disease frequency of each of the 16 disease categories in the source population (eligible matches) before matching the hip fracture cohort. The estimated ICs increased approximately 50% at 1-year follow-up to 0.06 and 0.14 for CCI scores of 1-2 and ≥3, respectively, and after 6 years of follow-up the estimated ICs were 0.08 and 0.09, respectively.
Many women had a hospital diagnosis of dementia at the time of the index hospitalization. Nearly 50% of these diagnoses were registered for the first time, which suggests that dementia may not be well captured by the NPR or that many patients are wrongly diagnosed with dementia in an acute-care setting, such as hospitalization due to a hip fracture. If the latter is true, we could expect to see the absolute excess risk change from positive to negative over time, as we actually observed. However, repeating the analyses after excluding all diagnosis made on the index date from the matching did not increase the IC for dementia; rather, the IC decreased slightly, from −0.06 to −0.07.
There was a slight gradual rightward shift in the age distribution with increasing CCI score. This could potentially have biased some of the ICs. We therefore performed a stratified analysis, calculating the IC within 1-year age groups followed by a pro-rata weighting of the ICs. This changed the ICs for some of the CCI scores by up to 0.02 units in either direction.
Given the increasing number of patients with comorbidity due to advanced age and the high mortality among hip fracture patients, optimizing the preoperative and postoperative care of patients with chronic heart, renal, or pulmonary disease, as well as focusing on complications (e.g., infections) known to be related to these diseases, could potentially reduce mortality.
Conclusion
This study confirms that mortality among women with comorbidity is excessively high after a hip fracture.
